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1  Summary 

The  initial  results  suggest  that  dielectric  spectroscopy  is  an  effective  technique  for 
nondestructive  evaluation  of  microcapsule  health  within  painted  coatings.  The  real  and 
imaginary  parts  of  the  dielectric  constant  appear  to  increase  with  microcapsule  loading,  but  they 
eventually  decrease  at  high  loading  most  likely  because  of  voids.  In  addition,  the  corrosion 
potential  (Ecor)  measured  under  open-circuit  conditions,  and  electrochemical  impedance 
spectroscopy  demonstrate  the  corrosion-protection  role  of  zinc  and  silane  when  a  scratch  occurs 
on  the  painted  steel  surface. 


2  Project  Goals  and  Objectives 

The  four  milestones  for  phase  IV  are  given  below.  For  the  purposes  of  tracking  our  progress, 
we  are  currently  at  the  end  of  month  4  in  our  revised  research  plan.  Most  progress  this  month 
has  focused  on  the  second  milestone. 

1.  Develop  on  site  inspection  method  for  monitoring  self-healing  and  coating  health  by  month  3. 

(Completed) 

2.  Develop  a  method  for  continuous  monitoring  of  OTS  degradation  by  month  5. 

3.  Demonstrate  a  method  for  measuring  the  fraction  of  broken  microcapsules  as  a  function  of 
shear  stress  by  month  6.  (Completed) 

4.  Establish  baseline  metrics  for  qualifying  batches  of  microcapsules  from  the  manufacturing 
process  by  month  12. 
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3  Key  Accomplishments 

3.1  In  Situ  Microcapsule  Health  Monitoring 

Dielectric  spectroscopy  measures  the  complex  dielectric  constant  (£•)  as  a  function  of  the 
frequency  of  an  alternating  electric  field.  The  complex  dielectric  constant  has  a  real  (s')  and 
imaginary  component  ( e ").  s'  corresponds  to  the  decrease  in  electric  field  within  the  material 
relative  to  the  applied  electric  field.  It  is  usually  higher  for  more  polar  or  polarizable  materials. 
The  imaginary  component  of  the  dielectric  constant  relates  to  the  energy  dissipated  per  period  of 
an  alternating  electric  field  ( W ):  W- 2ufEs",  where /is  the  frequency  and  E  is  the  electric  field. 

We  are  attempting  to  exploit  dielectric  spectroscopy  to  monitor  the  quantity  of  liquid  within 
the  paint.  The  dielectric  constant  of  the  liquid  active  ingredient,  OTS,  is  about  2.1 .  If  the 
inclusion  of  5-10%  (v/v)  OTS  in  the  zinc-rich  primer  changes  the  dielectric  constant,  then 
changes  in  the  dielectric  constant  may  correspond  to  changes  in  the  quantity  of  liquid.  This 
nondestructive  test  therefore  has  the  potential  to  allow  continuous  monitoring  to  the  health  of  the 
microcapsules  while  in  service.  In  contrast,  Fourier  transform  infrared  spectroscopy,  gas 
chromatography,  and  thermogravimetric  analysis  (the  current  methods)  destroy  the  sample 
during  analysis.  These  methods  also  require  powdered  or  dissolved  material.  They  are  designed 
for  microcapsule  analysis  rather  than  dry  paint  analysis. 

The  experiments  were  performed  as  follows:  First,  a  printed  circuit  board  was  prepared  with  a 
set  of  copper  electrodes.  Upon  the  electrodes  was  applied  a  self-healing  paint  with  vary  ing 
amounts  of  microcapsules  (0,  5,  10,  and  25%  microcapsules  per  volume  of  filler).  Some  samples 
were  used  with  primer  only,  while  others  were  prepared  with  the  full  CARC  stack  that  include  an 
additional  layer  of  CARC  primer  and  CARC  topcoat  over  the  top  of  the  self-healing  paint.  The 
electric  field  was  then  varied  from  200  MHz  to  1  GHz.  The  samples  are  depicted  schematically 
in  Figure  1 . 


Figure  1:  (top  row)  Schematic  representation  of  dielectric  spectroscopy  samples.  Alternating 
electrode  strips  on  the  printed  circuit  board  apply  an  alternating  electric  field  that  passes  through 
the  coating.  The  measured  complex  dielectric  constant  depends  on  the  amount  of  entrained  OTS. 
Bottom  row  shows  the  bare  electrode  and  painted  electrode,  respectively. 
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Figure  2  shows  the  measurements  for  s',  s",  tan  <5  (equal  to  s/s"),  and  s'  at  1  GHz  divided  by 
s'  at  200  MHz.  When  plotted  versus  microcapsule  loading,  one  can  see  a  definite  difference  in 
both  s' and  s".  Both  appear  to  increase  in  going  from  0  to  10%  (v/v  solids),  but  decrease  at  25% 
relative  to  the  control.  The  increase  at  low  microcapsule  loading  presumably  results  from  the 
OTS-filled  microcapsules,  but  the  decrease  at  25%  microcapsules  is  harder  to  interpret.  The 
most  likely  explanation  at  this  point  is  that  the  additional  filler  causes  voids  in  the  dry  paint. 
Zinc-rich  paint  is  formulated  to  have  as  much  zinc  as  possible  to  ensure  particle  percolation  and 
electrical  conductivity.  The  polymer  binder  is  effectively  saturated  with  solid  filler.  Any 
additional  filler-dry  microcapsules  in  this  case-will  most  likely  make  it  impossible  for  the 
polymer  binder  to  fill  all  of  the  space  between  the  zinc  particles  and  microcapsules.  These  voids 
will  have  a  dielectric  constant  of  1 ,  and  consequently  they  will  reduce  the  measured  dielectric 
constant  of  the  paint. 

Future  experiments  will  investigate  whether  it  is  necessary  to  also  supply  additional  polymer 
binder  when  the  microcapsules  are  mixed  into  the  MIL-P-26915  primer.  Specifically,  we  will 
look  at  whether  the  dielectric  constant  increases  for  the  25%  microcapsule  sample  due  to  the 
additional  binder.  If  voids  in  the  film  are  currently  causing  s'  to  decrease,  then  we  would  expect 
s'  to  be  higher  when  additional  polymer  binder  is  added. 


Coating 

—  Primer  Only 
— With  Topcoat 


%  Microcapsules 


Figure  2:  Plot  of  complex  dielectric  constant  versus  microcapsule  loading.  Both  the  real  and 
imaginary  parts  of  the  dielectric  constant  showed  strong  dependence  on  the  microcapsule 
loading,  indicating  that  this  may  be  a  useful  method  for  nondestructive  monitoring  of  the  health 
of  the  microcapsules  within  a  coating.  Neither  tan 8  nor  the  frequency  dependence  of  the 
dielectric  constant  gave  a  large  enough  change  to  be  useful  for  monitoring. 
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3.2  Direct  Measurement  of  Self-Healing 


As  described  previously,  the  repair  of  scratches  through  the  flow  of  OTS  and  subsequent 
formation  of  a  self-assembled  monolayer  has  been  measured  directly  through  electrochemical 
impedance  spectroscopy  (EIS).  EIS  works  by  measuring  the  complex  impedance  of  a  coating 
that  is  applied  to  a  metal  substrate  while  immersed  in  an  electrolyte.  The  resistive,  capacitive, 
and  inductive  components  of  the  adhesive  provide  insight  into  the  overall  quality  of  the  coating. 
With  respect  to  self-healing,  the  recovery  of  the  impedance  is  a  direct  measure  of  the  ability  of 
the  OTS  to  protect  the  underlying  steel  through  passivation. 

An  example  of  impedance  recovery  through  self-healing  is  given  in  Figure  3.  This  particular 
sample  shows  an  initial  corrosion  resistance  of  roughly  100  MQ.  The  resistance  drops  to  about 
0.001  MQ  at  the  instant  that  the  fresh  scratch  is  made.  Then,  over  the  course  of  48  hours,  the 
corrosion  resistance  returns  to  about  1  MQ.  Although  the  recovered  resistance  is  still  2  orders  of 
magnitude  smaller  than  the  original  coating,  it  is  still  impressive.  The  2  nm  thick  coating  of  a 
densely  packed  molecule  has  1%  of  the  corrosion  resistance  of  a  three-layer  CARC  coating  that 
is  70,000x  thicker. 


This  recovery  can  be  described  in  terms  of  how  it  might  potentially  extend  the  lifetime  of  the 
galvanically  protective  zinc  powder.  The  corrosion  resistance  of  the  bare  scratch  is  three  orders 
of  magnitude  lower  than  the  healed  scratch.  Depending  on  the  kinetics  of  corrosion,  this  barrier 
layer  may  greatly  extend  the  lifetime  of  galvanic  protection  supplied  by  the  zinc-rich  primer. 

Self-healing  has  been  demonstrated  by  this  technique  for  some  time.  In  the  current  study,  we 
set  out  to  investigate  the  effects  of  microcapsule  formulation  on  the  ability  to  self-heal. 
Specifically  we  looked  at  emulsifier  (Gum  Arabic  vs.  Si02),  polymer-forming  monomer  (IPDI 
vs.  BCI),  silane  molecular  weight  (C 12  vs.  Cl  8  vs.  C8-C18),  and  electrolyte  pH  (ASTM  G42  pH 
7,  acetate  pH  4.7). 
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Figure  3:  A)  Corrosion  resistance  of  the  intact  coating  and  scratched  coating  as  a  function  of  A) 
emulsifier,  B)  polymer  shell-forming  monomer,  C)  silane  type,  and  D)  buffer  pH. 
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Due  to  the  small  sample  size  (N  =  2  or  4),  the  results  are  not  as  easy  to  interpret  as  rust  score 
data.  EIS  is  sensitive  to  the  coating  quality,  scratch  length,  and  manner  of  scratching  in  ways 
that  the  simpler  rust  score  is  not.  We  can,  however,  make  a  few  observations.  The  effect  of  the 
silica  nanopowder  is  not  significant  on  the  extent  of  healing  in  this  measurement.  The  magnitude 
of  recovery  for  the  Gum  Arabic  samples  was  higher,  but  the  %  recovery  was  higher  for  the 
silica-enhanced  microcapsules.  Silica  primarily  affects  shelf  life  and  mechanical  durability,  so 
this  result  is  not  surprising. 

The  type  of  monomer  also  did  not  appear  to  matter  in  these  measurements.  Whether 
polymerized  from  IPDI  or  BCI,  the  extent  of  self-healing  appeared  to  be  roughly  the  same. 

Again,  the  effect  of  IPDI  is  to  generally  improve  shelf  life  relative  to  BCI.  For  fresh  samples, 
the  self-healing  should  not  vary  much. 

For  silane  type,  both  DTS  (12  carbons)  and  OTS  (18  carbons)  performed  similarly.  However, 
the  blend  of  silanes  (8,  12,  16,  and  18  carbons)  underperformed.  Since  OTS  and  DTS  act  as 
barrier  coatings  partly  through  the  ability  of  the  identical  molecules  to  crystallize  in  2- 
dimensions,  it  is  possible  that  a  mixture  of  silanes  will  form  a  disorganized  monolayer  with  many 
defects. 

Lastly,  the  effects  of  pH  were  minor.  The  corrosion  resistance  at  long  times  did  not  vary 
much,  but  some  samples  showed  a  faster  rate  of  healing  in  the  more  acidic  buffer.  Such  a 
finding  is  not  surprising  in  light  of  the  fact  that  OTS  hydrolysis  is  catalyzed  by  acid.  Once 
activated,  the  OTS  can  more  effectively  form  hydrogen  bonds  and  Si-O-Fe  bonds  with  the  native 
oxide  of  steel. 

3.3  Mechanism  of  Corrosion  Protection  by  Polyfibroblast 

The  model  that  we  have  used  to  describe  the  three  major  steps  leading  to  corrosion  protection 
action  by  the  silane  in  the  Polyfibroblast  microcapsules: 

1.  When  a  scratch  occurs  the  bare  steel  surface  is  exposed  to  moisture,  oxygen  and  other 
corrosive  agents  in  the  surrounding.  However,  the  zinc  in  the  primer  acts  as  a  sacrificial 
anode  and  protects  the  steel  from  corrosion.  The  protection  by  zinc  against  of  steel  will  last 
until  most  of  the  zinc  is  consumed. 

2.  During  the  course  of  scratching,  microcapsules  break,  releasing  silane  on  to  the  steel 
surface,  and  the  silane  molecules  adsorb  on  the  bare  steel  surface.  The  kinetics  of 
adsorption  of  long-chain  silane  on  metal  surfaces  can  be  slow,  hence  only  a  few  molecules  of 
silane  are  adsorbed  on  the  surface  immediately  following  the  scratch. 

3.  As  time  progresses,  more  silane  molecules  adsorbed,  creating  a  barrier  layer  against  water 
molecules  accessing  the  steel  surface. 

Two  electrochemical  techniques  that  we  used  to  characterize  (EIS  and  Ecor)  the  surface 
following  scratching  support  the  three-step  mechanism  described  above.  In  all  these 
measurements,  the  test  coupons  surfaces  were  in  contact  with  an  aqueous  solution  of  l%wt.  each 
of  sodium  carbonate,  sulfate  and  chloride  (also  used  in  the  ASTM-G42  standard).  Figure  4 
shows  the  changes  in  the  corrosion  resistance,  Rp  (measured  using  EIS)  of  a  coated  steel  panel 
that  was  freshly  scratched  (scratch  dimensions:  1/1 6-in.  wide,  'A-in.  long).  In  this  case,  the 
coating  contained  (OTS+IPDI)-filled  microcapsule.  Soon  after  the  surface  scratched,  Rp  was 
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relatively  small,  about  2,000  ohms.  However,  over  the  next  three  days,  the  Rp  increased  nearly 
exponentially  to  30,000  ohms,  thus  offering  protection  against  corrosion.  The  increase  in  Rp 
with  exposure  time  is  caused  by  the  barrier  layer  formed  by  the  slowly  adsorbing  silane.  During 
the  formation  of  the  layer,  the  steel  surface  can  be  vulnerable  to  corrosion  attack,  and  it  is  the 
sacrificial  action  by  zinc  that  protects  the  steel  from  corrosion.  Open  circuit  potential 
measurements  helped  established  the  protection  made  available  by  zinc. 


Time  of  Exposure  (Day) 

Figure  4:  The  increasing  resistance  to  corrosion  is  caused  by  the  slow  and  continuous  adsorption 
of  OTS  on  to  the  bare  metal  surface  exposed  by  the  scratch.  The  data  was  collected  by  EIS. 

Monitoring  open  circuit  potential,  Ecor  following  scratching  also  helped  established  the  three- 
step  process  of  corrosion  protection  by  the  silane  released  by  breaking  microcapsule.  This  is 
elucidated  by  Ecor  measurements  made  on  three  steel  coupons  with  three  different  types  of 
coatings:  1.  Primer  only;  2.  Zinc -rich  primer;  3.  Zinc-rich  primer  with  microcapsules.  Figure  5 
shows  Ecor  data  for  the  first  two  of  the  three  coupons  (Primer  only  and  Zn-rich  primer)  measured 
following  a  surface  scratch.  Note  that  the  primer-only  coupon  exhibited  a  nearly-constant  Ecor  of 
about  -0.55  V  (vs.  Ag/AgCl/lM  KC1  reference);  most  importantly,  the  value  hardly  changed  with 
time,  as  is  the  behavior  of  steel  in  contact  with  aqueous  salt  solutions  of  near-neutral  pH.  The 
same  figure  also  shows  the  Ecor  behavior  for  the  coupon  with  a  coating  containing  zinc-rich 
primer.  Soon  after  the  scratch,  the  Ecor  registered  a  large  negative  value  of  -1.2  V,  typical  of 
cathodic  protection  of  steel  by  zinc.  However,  as  the  zinc  was  consumed  sacrificially,  Ecor  value 
became  positive  rising  up  to  -0.8  V. 

The  last  14  hours  of  data  were  collected  at  close  interval  of  1  data  point  per  100  seconds 
elucidated  an  important  aspect  of  the  Ecor  behavior  and  how  the  zinc  works  to  protect  the  bare 
surface  of  steel.  When  observed  in  close  intervals  of  exposure  time,  Ecor  showed  a  noise-like 
behavior  that  was  intense  in  the  zinc-rich  case,  fluctuating  between  -0.8  and  -1.1  V.  Obviously, 
Ecor  can  reverse  toward  -1.1  V  only  if  new  zinc  becoming  available  to  polarize  the  potential  of 
steel.  Such  a  possibility  does  exist,  if  we  assumed  loose  zinc  particulates  in  the  paint  near  the 
scratch  migrates  away  from  the  paint  on  to  the  bare  steel  surface.  However,  once  the  new  arrival 
is  also  consumed  sacrificially,  the  potential  of  steel  goes  back  to  -0.8  V. 

The  steel  coupon  with  zinc  and  microcapsule,  when  scratched,  showed  a  behavior  that  was 
different  from  the  first  two  coupons.  The  Ecor  data  in  Figure  6  demonstrates  the  crucial  aspect  of 
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corrosion  protection  by  steel  during  the  initial  period  following  the  scratch;  within  the  first  30 
hours  after  the  scratch,  Ecor  moved  from  -1.2  V  to  -0.7  V,  just  as  in  the  case  of  the  zinc -rich 
primer  (no  microcapsule).  However,  the  silane  released  by  the  breaking  microcapsule  began  to 
populate  the  surface,  forming  a  strong  barrier  to  water  over  the  next  several  hundreds  of  hours  of 
exposure  to  the  aqueous  solution.  When  the  barrier  formed,  as  evidenced  by  the  increasing 
corrosion  resistance,  Rp  with  exposure  time  (Figure  4),  the  Ecor  did  not  behave  the  same  way  as 
the  metal/electrolyte  interface  behaved  in  the  steel  coupons’  data  shown  in  Figure  5.  A  polymer- 
or  silane-coated  metal  is  not  governed  by  the  same  Nemst  relationship  as  a  bare  metal/electrolyte 
interface.  In  the  example  shown  in  Figure  6,  Ecor  reached  a  large  positive  value,  fluctuating 
between  -0.1  V  and  0.06  V,  much  different  from  a  bare  steel  surface  (-0.55  V)  or  zinc-coated 
steel  surface  (-1.2V).  The  important  aspect  of  this  observation  are:  i)  in  presence  of  the 
microcapsule  in  the  coating,  the  scratched  surface  gets  a  protective  coating  by  the  silane;  and  ii) 
zinc  does  play  a  critical  role  of  protecting  the  steel  from  corroding,  until  the  silane-rich  barrier 
layer  is  formed  over  several  tens  of  hours  that  finally  seals  almost  completely  over  the  next 
several  hundred  hours 


Figure  5:  (left):  Ecor  variation  following  scratching  the  coating  (at  Exposure  Time  =  0  hour), 
showing  a  large  negative  value  in  the  zinc -rich  primer  only.  Even  after  180  hours,  there  is 
sufficient  amount  of  zinc  in  the  vicinity  of  the  scratch,  protecting  the  bare  steel  surface  from 
corrosion.  This  type  of  prolonged  protection  is  necessary  to  allow  the  slow-adsorbing  silane  to 
form  a  protective  layer  and  provide  long-term  (thousands  of  hours)  of  protection  against 
corrosion,  (right):  Ecor  variation  following  scratching  the  coating  (at  Exposure  Time  =  0  hour), 
showing  a  large  negative  value  in  the  zinc-rich  primer  with  microcapsule  only.  Note  that  after 
hundreds  of  hours,  Ecor  shifts  positive  to  0.06  V,  mainly  due  to  a  strong  barrier  layer  formed  by 
silane  preventing  water  from  accessing  the  bare  steel  surface. 

3.4  Next  Steps 

We  will  run  additional  dielectric  spectroscopy  measurements  to  ensure  the  reproducibility  of 
the  findings  presented  in  this  report.  We  will  also  run  additional  positive  and  negative  controls 
to  verify  the  hypothesis  that  the  increase  in  dielectric  constant  results  from  the  OTS  entrained 
within  the  coating.  Finally,  we  will  mix  additional  primer  into  the  MIL-P-26915  when  the 
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microcapsules  are  added  to  test  whether  voids  are  causing  the  decrease  in  dielectric  constant  at 
high  loading. 

The  electrochemical  impedance  spectroscopy  study  is  nearly  complete.  We  will  primarily  be 
analyzing  the  data  we  currently  have  to  extract  all  useful  information  before  moving  forward 
with  additional  experiments. 
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